Introduction
Last year marked the 20th anniversary of the invention and demonstration of the quantum cascade laser (QCL) at Bell Laboratories [1] . This achievement was the culmination of 20 years of research on bandstructure engineering of semiconductor heterostructures [2] and in particular nanostructures in which quantum effects such as size quantization and resonant tunneling become important [3] . While the design of man-made electronic and optical properties is central to bandstructure engineering, its practical implementation in novel devices was made possible by the epitaxial growth technique of molecular beam epitaxy (MBE) pioneered by Alfred Y Cho. MBE first enabled the growth of ultrathin semiconductor layers with atomic precision down to a few atomic layers as well as unprecedented control of the composition of the material. Later metalorganic vapor phase epitaxy (MOVPE) demonstrated similar capabilities and became the standard growth platform for photonic devices at communication wavelengths. MOVPE and MBE are now central to the production of QCLs.
The QCL avoids the operating principle of conventional semiconductor lasers by relying on a radically different process for light emission, which is independent of the band gap. Instead of using opposite-charge carriers in semiconductors (electrons and holes) at the bottom of their respective conduction and valence bands, which recombine to produce light of frequency ν≈E g /h, where E g is the energy band gap and h is Planck's constant, QCLs use only one type of charge carriers (electrons), which undergo quantum jumps between energy levels E n and E n−1 to create a laser photon of frequency (E n −E n−1 )/h. These energy levels do not exist naturally in the constituent materials of the active region, but are artificially created by structuring the active region into quantum wells of nanometric thickness. The motion of electrons perpendicular to the layer interfaces is quantized and characterized by energy levels whose difference is determined by the thickness of the wells and by the height of the energy barriers separating them. The implication of this new approach, based on decoupling light emission from the band gap by utilizing instead optical transitions between quantized electronic states in the same energy band (known as intersubband transitions), are many and far reaching, amounting to a laser with entirely different operating characteristics from laser diodes and far superior performance and functionality.
Initially greeted as a scientific curiosity, due to its complex structure and low-temperature operation, the QCL fast established itself as the leading mid-infrared (mid-IR) source of coherent radiation due to the ability to tailor the emission wavelength across the entire mid-IR spectrum, from 3 to beyond 20 μm, its unprecedented tunability and high performance operation at room temperature in the two atmospheric windows with pulsed and continuous-wave (CW) powers up to 100 and 10 W respectively. One should recall that before the advent of QCLs the mid-IR spectrum had a very limited choice of light sources which explains why applications and commercial development in this sector was very limited. Carbon dioxide lasers, while important tools for high power industrial applications such as cutting and welding, have very limited wavelength range and tunability. Diode lasers in the mid-IR have had very limited impact due fundamental difficulties in operating at room temperature, very small tunability and lack of robustness in terms of fabrication and reliability on account of their small bandgap.
QCL based spectroscopy and its applications to chemical sensing, in all its implementations (atmospheric chemistry, trace gas analysis for applications such as pollution monitoring, industrial process control, combustion diagnostics, health care (medical diagnostics such as breath analysis, surgery) have seen an unprecedented growth scientifically, technologically and commercially with about thirty companies active, large and small [4] . Another sector where QCLs are having a major impact is high power (1-10 W CW) applications in areas such as infrared countermeasures to protect aircraft from heat seeking missiles; new emerging applications are material processing for example for 3D printing where one can use wavelength selective chemistry to mold materials.
Recent and earlier reviews of QCLs and their application can be found in [5] [6] [7] [8] [9] .
In 2002 Alessandro Tredicucci and his team at the University of Pisa demonstrated the first QCL operating in the far-IR also known as the THz spectral region [10] . Until recently, no THz QCL based source operated at room temperature due to physical limitations of standard injection QCLs in that spectral region, as will be clear later in this paper. This situation has now changed through the use of intracavity difference frequency generation in double wavelength mid-IR QCLs which have recently have been reported to emit at room temperature with peak power of nearly 2 mW. Such a power level is adequate for most spectroscopy and sensing applications. A review of such important recent developments is the subject of this paper.
Energy diagram and quantum design
This section briefly reviews the design principles of a QCL. The energy diagram of the device at zero bias looks overall like a saw-tooth due to the compositionally graded regions, which consist of a digitally graded alloy of alternating ultrathin semiconductor layers. Under high enough bias such that the applied electric field suppresses the saw-tooth energy barriers, the band diagram is transformed into an energy staircase and electrons are injected efficiently into the excited state of suitably designed quantum wells, emitting a laser photon at each stage. The energy diagram of the QCL drew inspiration from the design of the staircase avalanche photodiode (or solid state photomultiplier), which consists of multiple identical graded gap regions [11] . Under high enough applied bias the sawtooth energy diagram turns into a staircase and photogenerated electrons roll down, gaining enough energy at the steps to create an electron-hole pair by impact ionization at the potential step given by band discontinuity. The number of stages typically ranges from 20 to 35 for lasers designed to emit in the 4-8 μm range, but working lasers can have as few as one or as many as over 100 stages. This cascade effect is responsible for the very high power that QCLs can attain. In QCLs, unlike in a laser diode, an electron remains in the conduction band after emitting a laser photon. The electron can therefore easily be recycled by being injected into an adjacent identical active region, where it emits another photon, and so forth.
The operating principle of a QCL can be understood from figure 1, which illustrates the band diagram of a QCL designed to emit photons of wavelength λ=7.5 μm. The conduction band slope (units of energy over distance) divided by the electronic charge is the applied electric field. Each QCL stage consists of an active region and of an electron injector. The former contains three energy levels; the laser photon is emitted in the transition between states 3 and 2, which is controlled primarily by the two wider wells thickness. To achieve a large population inversion between states 3 and 2 the lifetime of level 3 is designed to be much longer than that of state 2. To this end state 1 is positioned approximately an optical phonon energy (∼34 meV in InGaAs/AlInAs materials) below level 2, which guarantees that electrons in this level resonantly scatter to energy level 1 by emitting an optical phonon, an extremely fast process characterized by a relaxation time of the order of 0.1-0.2 ps. Electrons in state 3 relax much more slowly to level 2 owing to the much larger energy difference, a non-resonant phonon emission process. To ensure lasing however, one must also quench escape by tunneling from the upper laser state to the quasi-continuum, which would reduce its population. This is accomplished by designing the injector downstream as a superlattice with an energy gap (minigap) in correspondence to the upper energy level E 3 . Notice instead the miniband designed to face E 2 and E 1 which facilitates electron escape from the active region by preventing their accumulation in those states. Electrons are injected into the upper laser level by resonant tunneling which guarantees efficient injection when the applied bias is high enough to line up the ground state of the injector with state 3. A transmission electron micrograph of a cross-section of the QCL layered structure is shown in figure 1 , where the AlInAs barriers are dark and the GaInAs quantum wells light gray. For wavelengths greater than ∼5 μm, the alloy compositions of the wells and barriers are selected to have the same lattice constant as the substrate (i.e. Al 0.48 In 0.52 As and In 0.47 Ga 0.53 As), which leads to a conduction band discontinuity between the barrier and well layers ΔE c =0.52 eV. For wavelengths considerably shorter than 5 μm, the upper laser state is much higher in energy, which promotes thermal escape over the barrier. This process, is a limiting factor for device performance, reducing the maximum operating temperature particularly for CW operation or preventing altogether CW operation at room temperature and severely limiting the maximum achievable optical power. Note that the active region of a QCL can reach temperatures considerably higher than the laser heat sink by tens of degrees, similar to what occurs in laser diodes. By using higher Al content in the barriers and lower In percentage in the quantum wells the conduction band discontinuity can be increased to values in the 0.7 eV-0.8 eV range which suppresses electron thermionic emission above the barriers. CW room temperature QCLs at λ5.2 μm, typically employ these strained heterojunctions [12] [13] [14] [15] [16] . To further improve temperature performance the separation between level 2 in figure 1 and the injector ground state should be designed to exceed 0.1 eV in order to prevent electrons in the injector to backfill level 2.
Major improvement in QCL performance (lower threshold and higher power) can be achieved by modifying the energy level diagram of figure 1 through the addition of layers which introduce a double phonon resonance [17] . The active region of this modified structure has four quantum wells and three equally separated energy levels by an optical phonon. This design leads to a larger population inversion due to the more efficient removal of electrons from the lower level of the laser transition.
Terahertz QCLs
Owing to meV-level control of energy positions of electronic subbands, QCL technology provides an attractive approach for mass-producible semiconductor lasers also at terahertz frequencies (ν=1-5 THz, hν≈4−20 meV). The original devices by the group of Alessandro Tredicucci provided laser emission at 4.4 THz with the maximum operating temperature of 50 K [10] . The spectral coverage and the maximum operating temperature of THz QCLs has improved dramatically since then, with the current state-of-the-art device performance summarized in figure 2. The emission frequencies of various THz QCL designs now span 1.2-5 THz range (without the use of strong magnetic fields) and devices with CW output powers in excess of 100 mW [18] and peak powers in excess of 1 W [19] were demonstrated. Furthermore, the emission linewidth of distributed-feedback THz QCLs can be stabilized to a few tens of kHz, making them ideal local oscillators for heterodyne detection [20, 21] . The frequency output of THz QCLs can be continuously-tuned over broad spectral range, with devices tunable over 330 GHz around 4 THz center frequency demonstrated using a moving microelectromechanical plunger to manipulate the lasing transverse mode [22, 23] . Furthermore, THz QCLs show high promise as broadband THz frequency comb sources [24, 25] . Comprehensive reviews of THz QCL design strategies and performance can be found in [26] [27] [28] .
The best temperature performance of THz QCLs is achieved using double-metal waveguides [29, 30] that are conceptually similar to microstrip waveguides used in highfrequency electronics. These waveguides, depicted in figure 3(a) provide nearly 100% of laser mode confinement in the ∼10 μm thick QCL active regions (limited by the capabilities of MBE and MOVPE crystal growth systems). Copper-copper metal waveguides [34] provide the lowest loss and result in the highest operating temperatures for THz QCLs demonstrated to date [33, 34] . While strong THz laser mode confinement in the active region is desired for creating devices with low threshold current and high operating temperature, subwavelength modal confinement also leads to high facet reflectivity [35] and highly divergent THz far-field emission [36] in edge-emitting THz QCLs. A number of approaches have been developed to alleviate this problem by either creating surface-emitting devices or by impedancematching and collimating THz edge-emission. Surfaceextraction of THz radiation in THz QCLs has been achieved by patterning the top metal waveguide cladding to produce ridge-waveguide devices with second-order gratings [37, 38] and other one-dimensional grating structures [39, 40] or to make two-dimensional photonic crystal surface-emitting laser cavities [41, 42] . An excellent summary of surface-extraction schemes employed in THz QCLs is given in [43] . Directional outcoupling from the edge of the double-metal waveguide may be achieved by attaching a silicon microlens [44] or a metallic horn antenna [45] onto the front facet. A monolithic approach to collimate THz output from the edge-emitting double-metal waveguide THz QCLs consists of using surface plasmon gratings fabricated on the device front facet [46] . An example of a THz QCL device with a spoof surface plasmon collimator is shown in figure 3(b) with the experimentally measured THz far field emission profiled shown in figure 3(c). Figure 3 The black triangles and black dotted curve are, respectively, measured and simulated laser intensity profiles along j=0°for the double-metal waveguide device without the collimator. The blue circles and black solid curve are, respectively, measured and simulated laser intensity profiles along j=0°for the device with the collimator. After [46] . been demonstrated for the first time. Such a source could find interesting applications in the spectroscopy of chiral molecules.
One of the key desired characteristics for any semiconductor laser is room-temperature operation. This has not yet been achieved with THz QCLs. The maximum operating temperature demonstrated to date, without using strong magnetic field, is 199.5 K [34] for pulsed operation and 129 K for CW operation [47] . With an applied magnetic field of 20-30 T, THz QCLs can operate to higher temperature, with the maximum operating temperature 225 K demonstrated for 3 THz devices [48] . A summary of the temperature performance of a number of THz QCLs (taken from the literature and operating without a magnetic field) as a function of frequency is shown in figure 2(a) and the timeline of the maximum operating temperature achieved by THz QCLs is shown in figure 2 (b). The improvement in temperature performance has been rapid after the initial demonstration of THz QCLs, but it has slowed down considerably in recent years, as shown in figure 2(b). The highest operation temperature is obtained with three-quantum-well resonant depopulation THz QCL designs, originally proposed in [49] , and its derivatives [32, 33, 50] . A study [51] of the dependence of the threshold current densities on the heat-sink temperature in THz QCLs based on the three-quantum-well resonant depopulation active region design with nominal emission frequencies of 2.3, 2.7, 3.1, 3.5 and 3.8 THz indicated that the performance of these devices is limited by the interplay of two principal factors: (a) optical phonon scattering of thermal electrons, which dominates at shorter wavelengths, and (b) parasitic current, which dominates at longer wavelengths. These factors result in an optimal frequency ('sweet spot') around 3-4 THz for lasers based on this design, visible in figure 2(a) . Recently-reported THz QCL designs based on scattering-assisted electron injection [31] and double-phonon depopulation [52] show promise to increase the maximum operating temperatures further, but have not achieved record operating temperatures yet.
All high-performance results are currently achieved with THz QCLs based on GaAs/Al 0.15 Ga 0. 85 As semiconductor heterostructures grown on GaAs substrates. Alternative materials systems for THz QCLs are being investigated and devices grown on InP substrates based on InGaAs/AlInAs [53] , InGaAs/GaAsSb [54] , and InGaAs/AlInGaAs [55] heterostructures were experimentally demonstrated with the maximum operating temperatures in the 140-150 K range. Additionally, devices based on GaAs/AlGaAs heterostructures with varying barrier heights have been reported with the maximum operating temperatures in the 180-190 K range [56, 57] , close to record temperatures. The first and yet unconfirmed results of THz QCLs based on GaN/AlGaN heterostructure operating at a heat sink temperature of 4 K were reported recently [58] . GaN/AlGaN THz QCLs may potentially achieve operating temperatures above that of GaAs/AlGaAs THz QCLs as large optical phonon energy in GaN/AlGaN (90 meV; in comparison, the optical phonon energy in GaAs is 34 meV) is expected to suppress optical phonon scattering of thermal electrons in the upper laser states, which is believed to be the dominant temperaturedegradation mechanism in GaAs/AlGaAs THz QCLs [26, 50, 51] .
An alternative approach to THz generation in QCLs is based on intra-cavity THz difference-frequency generation (DFG) in dual-wavelength mid-IR QCLs [60] . These devices, referred to as THz DFG-QCL, have achieved a dramatic progress in recent years. Since THz DFG does not require population across the THz transition and mid-IR QCLs can reliably operate at room temperature, THz DFG-QCLs can operate at room-temperature as well. Figure 4 (a) displays the device concept: upon application of bias current device generates two mid-IR pumps at frequencies ω 1 and ω 2 which generate THz output at frequency ω THz =ω 1 −ω 2 via DFG inside of the laser cavity. From the perspective of user operation and fabrication, THz DFG-QCLs are similar to traditional QCLs as both are monolithic electrically-pumped semiconductor sources and have similar requirements for heterostructure growth and fabrication.
DFG is a nonlinear optical process in which two beams at frequencies ω 1 and ω 2 interact in a medium with secondorder nonlinear susceptibility, χ (2) , to produce radiation at frequency ω THz =ω 1 −ω 2 . The intensity of the wave at frequency ω THz generated in the QCL waveguide is given by the expression [ 
is the coherence length, W(ω i ), n(ω i ), and k i are the power, refractive index, and the wave vector of the beam at frequency ω i , respectively, α THz stands for the losses at THz DFG frequency, S eff is the effective area of interaction and we assumed that the laser medium is transparent for both mid-IR pumps and neglected the depletion of the pump powers in the DFG process. It follows from equation (1) that, for efficient DFG, one needs to use materials with large χ (2) , input beams of high intensity, and achieve low losses and phase matching, k k k 0.
-» Most of the schemes to generate THz radiation via DFG use focused beams from high-intensity pulsed solid-state lasers (usually ∼1 GW cm −2 , often limited by the damage threshold of the nonlinear crystal) and achieve long coherence length of up to tens of millimeters by either true phase matching or quasi-phase matching in transparent nonlinear crystals [62, 63] . For intracavity DFG in QCLs, the intensities of the pump beams are limited to 1-10 MW cm −2 and the coherence length is limited to approximately 100 μm or smaller values by free carrier absorption at THz frequency as shown in figure 4(b) . Under these conditions, efficient THz DFG appears to be impossible, unless the nonlinear susceptibility |χ (2) | in equation (1) is enhanced well below it typical values of 1-300 pm V −1 found in natural nonlinear materials [64] .
Quantum well structures can be engineered to provide giant nonlinear response by tailoring intersubband transitions so as to achieve resonant nonlinearity for a specific process [65] . Figure 4 (c) provides a schematic of intersubband states tailored to provide giant |χ (2) | for THz DFG between ω 1 and ω 2 mid-IR pumps. We note that the electron population is located in the upper state. This point was crucial for operation of THz DFG-QCL technology [60] as such structures provide optical gain, rather than loss for mid-IR pumps. Referring to figure 4(c 
where ΔN e is the population inversion density between state 1 and states 2 and 3 (assuming the population in states 2 and 3 is the same), ez ij , ω ij and Γ ij are the dipole matrix element, frequency, and broadening of the transition between states i and j. It is possible to integrate DFG optical nonlinearity with population inversion shown in figure 4(c) into existing highperformance mid-IR QCL designs. In particular, it was shown that a bound-to-continuum [60, 61] and dual upper state [66, 67] active region designs intrinsically possesses strong optical nonlinearity for THz DFG and the QCL bandstructure can be further optimized to enhance χ (2) for a particular THz DFG process. Figure 5 shows the bandstructures for the bound-to-continuum and dual upper state active regions, along with equivalent energy levels diagram showing triplets of states that provide strong nonlinear optical response.
The values of χ (2) provided by the QCL active regions for a DFG process may be obtained by applying equation (2) to all the relevant triplets of states. Assuming the mid-IR pump frequencies are sufficiently close to corresponding intersubband transitions, ω 1 ≈ω 13 and ω 2 ≈ω 12 , the value of χ (2) in equation (2) is principally being determined by the values of ΔN e , transition dipole moments ez ij , a linewidth broadening factors Γ ij . The value of ΔN e in equation (2) is obtained by computing required population inversion in a QCL to provide modal gain=modal loss in the laser cavity, transition dipole moments ez ij and transition energies ij w are computed from the QCL bandstructure, and the values of linewidth broadening factors Γ ij are typically assumed to be 10-15 meV for the mid-IR transition and 3-5 meV for the THz transition, which are typical values for mid-IR and THz intersubband transitions in InGaAs/AlInAs heterostructures. Assuming further a typical threshold gain of ∼15 cm −1 in the active region, one obtains |χ (2) |∼15 000 pm V −1 for THz DFG-QCLs based on bound-to-continuum active region design [68] and |χ (2) |∼20 000-25 000 pm V −1 for the typical dual upper state active region design [67] . Somewhat larger estimated values of χ (2) for the dual upper state active region design are due to the constructive addition of χ (2) from different triplets of states shown in figure 5(b) [67] . The estimated values of χ (2) are 2-3 orders of magnitude larger than that that of typical nonlinear crystals and result in 4-6 orders of magnitude increase in the THz DFG power output in equation (1) . We note, however, that no direct measurements of χ (2) in THz DFG-QCL active regions were performed to date. The values of χ (2) are very sensitive on the linewidth broadening assumptions and are dependent on the population inversion density ΔN e which is dependent on the loss for mid-IR modes in a QCL. Thus, all the numbers given above are theoretical estimates which, however, result in THz DFG power predictions that are in reasonable agreement with experiment [61, 68] .
Because of high THz loss in a QCL waveguide, see figure 4 (b), only THz radiation generated within ∼100 μm of the front facet is outcoupled if the THz mode is confined in the same waveguide, which was the case for early THz DFG-QCLs [60, 61, 69] . To enable efficient extraction of THz radiation along the whole length of the QCL waveguide, devices based on Cherenkov phase-matching scheme were proposed and implemented in [70] . Cherenkov phase-matching scheme is currently used by all state-of-the-art THz DFG-QCL devices [68, [71] [72] [73] [74] .
Cherenkov emission occurs when the phase-velocity of the nonlinear polarization wave in a thin slab of nonlinear optical material is faster than the phase-velocity of the generated radiation in the medium surrounding the slab [75] . The Cherenkov emission angle θ C is given as
where k nl is the propagation constant of the nonlinear polarization wave and k THz is the propagation constant of the terahertz wave in the substrate. We can write an expression for the nonlinear polarization wave at ω THz =ω 1 −ω 2 in the slab waveguide approximation as:
where the z-direction is normal to the QCL layers and the x-direction is along the waveguide, β 1 and β 2 are the propagation constants for mid-IR pump modes, E z z 1 ( ) w and E z z 2 ( ) w are z-components of E-field of the mid-IR pump modes, and χ (2) (z) is the giant intersubband optical nonlinearity for DFG in the QCL active region defined in equation (2) . The propagation constant of the nonlinear polarization wave is thus given as β 1 −β 2 . Since the two mid-IR pump frequencies are close, ω 1 ≈ω 2 , one can write [76] n c , 5
is the group effective refractive index for mid-IR pumps. In order to produce Cherenkov DFG emission into the substrate, the substrate refractive index at ω THz must be larger than n g and this condition is satisfied throughout the 1-5 THz spectral range for InP/GaInAs/AlInAs QCLs grown on semi-insulating (SI) InP. In particular, the value of n g is typically in the range 3.3-3.4 for mid-IR pumps [70, 77] and the refractive index of InP in 1-5 THz range is 3.5-3.7 [59] . The value of Cherenkov angle in typical deviecs [68, 70] is approximately 20°. Since SI InP substrate is non-conducting, lateral current extraction is implemented in all Cherenkov THz DFG-QCL.
In the slab-waveguide approximation, Cherenkov THz emission may be modeled analytically as a leaky slab-waveguide mode produced by the polarization source described in equation (4) following the formalism described in [78] (generalized for the multi-layer waveguide structure of DFG-QCLs). In a physical picture, two Cherenkov waves are generated by the nonlinear polarization wave: one propagates towards the top contact and the other one towards the bottom substrate as shown in figure 6(a) . These two waves are partially reflected by various waveguide layers and may pass through the active region multiple times and interfere with each other before finally exiting to the substrate. The calculated squared magnitude of the H-field for the TM-polarized Cherenkov wave (|H y | 2 ) for the devices reported in [68] are shown in figure 6(b) .
To avoid total internal reflection of the Cherenkov wave at InP/air interface, the front facet of the substrate has to be polished as shown in figure 6(a) . Experimentally, 30°substrate polishing results in the Cherenkov THz wave outcoupling in forward direction at 3.5 THz for typical THz DFG-QCLs. The angle varies for other THz frequencies due to InP refractive index dispersion [71] .
We note that the ridge width in THz DFG-QCLs reported to date is typically in the range of 15-25 μm, which is smaller than THz wavelength of 60-300 μm (corresponds to 1-5 THz frequencies). As a result, THz radiation is emitted from ridge-waveguide QCLs in a cone of angles into the substrate, instead of a plane wave in a slab-waveguide model, as shown schematically in figure 6(a). Initial evidence of Cherenkov emission cone in THz DFG-QCLs was reported in [73] . It is estimated [79] that less than 20% of the total THz power in the forward-going Cherenkov is outcoupled into the free space in the current devices with flatpolished substrates (as shown in figure 6(c)); in additional nearly all THz power emitted into back-ward going Cherenkov wave is lost. In total, it is estimated [79] that less than 10% of the total THz power produced in THz DFG-QCLs is outcoupled to free space in the state-of-the-art THz DFG-QCLs.
To enable narrow-line THz emission from THz DFG-QCLs, distributed feedback (DFB) gratings for mid-IR pumps are fabricated. Three approaches are currently used. In the first approach two grating sections are etched along the QCL waveguide for selecting the two mid-IR pump frequencies [80] as shown schematically in figure 7(a) . In the second approach, a single DFB grating that contains two Fourier components to select the two mid-IR frequencies is etched [69] . Finally, sampled gratings may also be used to enable dual-single-mode mid-IR pump selection [81] .
Typical pulsed-mode room-temperature device performance of THz DFG-QCLs is shown in figures 7(b)-(d).
Depending on the mid-IR pump spacing, THz emission in these devices can be varied in the entire 1-6 THz range and beyond, limited only by the materials losses and inevitable reduction of THz DFG efficiency which falls down with THz 2 w as shown in equation (1) . The data presented in figure 7 is taken from [68] . The active region of these devices was made up of two stacks of QCL stages designed for emission at λ 1 =8.2 μm and λ 2 =9.2 μm, based on the bound-to-continuum active region design shown in figure 5(a) . The waveguide structure is shown in figure 6(b) . The THz wall plug efficiency (WPE) of a 4 THz device was approximately 0.9×10 −6 [68] . In comparison, the highest WPE achieved by THz QCLs is approximately 5×10 −3 at 10 K [43] .
High extraction efficiency of THz radiation and relaxed phase-matching conditions in Cherenkov THz DFG-QCLs devices enable broad spectral tunability of THz output in these lasers. An example of a broadly-tunable external cavity (EC) THz DFG-QCL system [68, 71] is presented in figure 8 . To enable THz DFG emission tuning in our device, we configure EC system to continuously tune one mid-IR pump frequency, while having the second mid-IR pump frequency fixed. We fix one mid-IR pump frequency by a DFB) grating etched into the QCL waveguide and provide tuning of the second mid-IR pump frequency by an external grating in a Littrow-type EC configuration as shown schematically in figure 8(a) . Due to spatial hole burning, gain competition between the two mid-IR pumps is reduced and simultaneous two-color emission can be achieved experimentally [68, 71] . identical to that described in figure 6 and [68] . The DFB grating was designed to fix ω 1 pump at 963 cm −1 . The substrate front facet of the device was polished at a 30°angle to avoid total internal reflection of the Cherenkov THz emission and allow for THz extraction in a forward direction. Figure 8(b) shows the emission spectra and power output of the two mid-IR pumps at different EC grating positions at current density of 8.0 kA cm −2 through the device, close to the rollover point. A long pass filter was used to separate two mid-IR pumps for the measurements. The spectral data shows that, as expected, the DFB pump frequency ω 1 stays fixed at 963 cm −1 while the EC pump frequency ω 2 is tuned continuously from 1009 cm −1 to 1182 cm −1 , resulting in the available difference-frequency tuning from 1.4 THz to 5.9 THz. Due to gain competition, the mid-IR emission switches from dual-frequency (ω 1 and ω 2 ) to single-frequency (ω 1 ) output as the EC grating tunes pump frequency ω 2 towards DFB frequency ω 1 [71] .
The THz emission spectra and peak power for different EC grating positions taken at a current density of 8.0 kA cm −2 through the device are displayed in figure 8(d) . Also shown is mid-IR-to-THz nonlinear conversion efficiency at a current density of 8.0 kA cm −2 , defined as the ratio of the measured THz peak power to the product of the two mid-IR pump powers. THz peak power of 90 μW and mid-IR-to-THz conversion efficiency of nearly 250 μW W −2 were observed at 3.8 THz. The conversion efficiency in figure 8(d) peaks in the 3.7-4.5 THz range of frequencies and falls off at both high-and low-frequency ends of the tuning curves, which is consistent with results obtained with other THz DFG-QCL devices [81, 82] . On the high-frequency end, efficiency of THz generation is limited by the onset of high optical losses in InGaAs/AlInAs/InP materials due to tails of opticalphonon absorption bands (Reststrahlen band). On the lowfrequency end, THz generation efficiency is principally limited by high free carrier absorption in the QCL waveguide and the THz 2 w dependence of the DFG efficiency, see equation (1). Additional factors include spectral dependence of intersubband optical nonlinearity and residual absorption in SI InP substrate through which THz radiation is extracted, see [71] . Besides EC systems, a variety of monolithic THz DFG-QCL sources have been demonstrated [82] [83] [84] based on thermal tuning of mid-IR pumps (using direct thermal tuning or Vernier tuning mechanism) and/or QCL array concepts [85] .
Since their first demonstration in 2007, the power output of THz DFG-QCLs has experienced exponential growth, as shown in figure 9 . Recent advances include demonstration of room-temperature 3.5 THz DFG-QCLs with THz peak power output of 1.9 mW [74] and the THz WPE of 0.7×10 −5 and room-temperature CW devices with over 3 μW of THz power output at 3.6 THz [73, 74] by the Razeghi group. High performance was achieved by optimizing the waveguide layers thickness and doping, processing lasers as buried-heterostructure devices, and employing flip-chip bonding onto diamond substrates for efficient current extraction through side-contacts and thermal management [73, 74] . The active region of these devices was based on the single phonon resonance depopulation design with thinned extraction barrier which is conceptually similar to the bound-to-continuum active region presented in figure 5(a) . New active region design for THz DFG QCLs based on dual upper state design ( figure 5(b) ) with 1.5-2 times higher optical nonlinearity for THz DFG, compared to bound-to-continuum active region, was also reported recently [67] .
It is estimated that less than 20% of generated THz power in a Cherenkov wave in current devices being outcoupled to free space [79] . Thus, similar to THz QCLs [43] , significant improvements in THz power output in THz DFG-QCLs are expected to be produced by optimizing THz outcoupling efficiency using various photonic structures, such as properlyoptimized second-order gratings. Overall, Manley-Rowe relations may be viewed as the fundamental limit on WPE for THz DFG systems. From this perspective, given the current record values for room-temperature, pulsed-operation WPE of mid-IR QCLs of 27% at λ≈5 μm [86] and 6% at λ≈10 μm [87] , one obtains the Manley-Rowe-limited WPE value of ∼1% for 4 THz generation in THz DFG-QCLs at room temperature. Given that the best WPE of THz DFG-QCLs reported to date is ∼0.7×10 −3 % [74], we expect that the WPE of THz DFG-QCLs may be improved by up to three orders of magnitude and devices with room-temperature THz peak power output in excess of 100 mW may be produced through waveguide structure, active region, and packaging optimization.
THz DFG-QCLs may also be an ideal source for THz frequency comb generation with the spectral bandwidth comparable to or larger than that of THz QCLs [88, 89] , and room-temperature operation. Room-temperature frequencycomb generation in mid-IR QCL has been reported recently [90] and the intra-cavity down conversion of such combs in THz DFG-QCLs appears to be a promising route towards achieving multi-octave-spanning THz frequency comb sources. 07  ,  08  ,  09  ,  10  ,  11  ,  12  ,  13  ,  14  ,  15 THz peak power, mW Figure 9 . Timeline for the maximum peak power output in pulsed mode at room-temperature achieved by THz DFG-QCLs from the initial demonstration in 2007 until mid-2015. The data for 2007 is given at 80 K, all other data is at room temperature.
contributions to the development of THz DFG-QCL technology discussed in this review.
